Introduction
Among the diverse mitigation measures available for reducing the risk to life related to landslides, early warning systems certainly constitute a significant option available to the authorities in charge of risk management and governance. Landslide early warning systems (LEWSs) are nonstructural risk mitigation measures usable at different scales of analysis. Basically, they are used to monitor one or more variables responsible for triggering landslides and to generate and disseminate timely and meaningful warning information to enable individuals, communities and organizations threatened by a hazard to act appropriately and in sufficient time to reduce the possibility of harm or loss (UNISDR, 2009) . The installation of a LEWS is often a cost-effective risk mitigation measure and, in some instances, the only suitable option for sustainable management of disaster risks (Glade and Nadim, 2014) . The increasing trend shown in the last decade in the employment of LEWSs, in particular at a regional scale, in developing countries confirms the previous statement. Several general schemes of LEWS were proposed in the literature, among which are those recently presented by Intrieri (2013) , Fathani et al. (2016) , Sättele et al. (2016) , Calvello (2017) and Piciullo et al. (2018) . Even if a general scheme to describe the structure of a LEWS can be provided, the choice of variables to be measured and monitored varies with the type of landslide that is being forecast and the system's objectives (Lacasse and Nadim, 2009) .
The Natural Hazards Division of the European Geosciences Union (EGU) has always paid great attention to LEWSs. In the past, several sessions focused on landslide warning systems have been held during EGU general assemblies, starting at the EGU 2007 with the sessions "Multidisciplinary monitoring, characterization and early warning projects on large landslides" (convened by Lars Harald Bilkra) and "Early warning systems and multidisciplinary approaches in natural hazards and risk assessments" (convened by Thomas Glade) . The first was focused on a particular type of landslide, while other sessions were focused specifically on methods used in the early warning procedure (e.g., monitoring or forecasting). The latter was more generally focused on all natural hazards, as was the interdisciplinary PICO session entitled "Operational forecasting and warning systems for natural hazards: challenges and innovation", organized in 2015 by Femke Davids and Michael Cranston. However, a session entirely focused on the early warning of landslides, considering different methods and phenomena, as well as operational and prototype systems at both regional and local scales, and performance evaluation of the warnings issued, was missing.
In addition, no special issue has been entirely devoted to this topic in the Natural Hazards and Earth System Sciences (NHESS) journal. Diverse NHESS special issues were focused either on different topics of risk assessment and management or on monitoring, as, for example, among the most recent, "Approaches to hazard evaluation, mapping, and mitigation" by Iovine et al. (2011) , "New developments and applications in early warning, monitoring and remote sensing of landslides" by Catani et al. (2012) , "Landslide hazard and risk assessment at different scales" by Reichenbach et al. (2013) and "Landslide Prediction and Forecasting" by Catani and Guzzetti (2014) . However, the topic is widely studied in NHESS articles. In fact, a search of the keywords "landslide", "warning" and "system" in the abstracts of all articles that have ever been published in the Division's NHESS journal produced 698 results.
Within this framework, this special issue was initially conceived to collect the most relevant works presented to the session SSS9.5/NH3.13 on "Landslide early warning systems: monitoring systems, rainfall thresholds, warning models, performance evaluation and risk perception" within the 2017 General Assembly of the European Geosciences Union. However, several external contributions were included to better encompass the complex and multidisciplinary aspects characterizing LEWSs. The special issue includes original papers conveying recent scientific advances as well as useful case studies, with the aim of providing details on both the research state of the art and the operational use of such systems.
The special issue focuses on LEWSs at both regional (e.g., Krøgli et al., 2018; Wei et al., 2018) and local scales (e.g., Frodella et al., 2017; Reder et al., 2018) . The scale of analysis influences several aspects connected to the design and employment of the system, such as the type of investigated landslide phenomena, the variables to be considered for correlations, the monitoring system and the actors involved. Systems addressing single landslides at slope scale can be named as local LEWSs (Lo-LEWSs), and systems operating over wide areas at regional scale are referred to as territorial LEWSs (Te-LEWSs). An initial key difference between LoLEWSs and Te-LEWSs is the a priori knowledge of the areas affected by future landsliding. When the exact location of future landslides is unknown and the area of interest extends beyond a single slope, only a Te-LEWS can be employed (e.g., national, regional, provincial and municipal systems). Conversely, Lo-LEWSs are typically adopted to cope with the risk related to one or more known well-identified landslides .
A broad range of settings are accounted for in the special issue. For instance, different types of landslide, ranging from specific classes to wider groups of landslide are considered in the submitted papers: debris flows (Melo et al., 2018; Pan et al., 2018) , lahars (Capra et al., 2018) , shallow landslides (Canli et al., 2018) , deep-seated landslides (Intrieri et al., 2017; Liu et al., 2018) , rockfalls and rock avalanches (Frodella et al., 2017) and landslides of mixed types (Krøgli et al., 2018; Segoni et al., 2018a) . The approaches used span from the physically based models (Reder et al., 2018; Salvatici et al., 2018) to the statistical correlations . Concerning the triggering conditions, the special issue is particularly focused on rainfall-induced landslides (e.g., Peres et al., 2018; Reder et al., 2018) ; however it also accounts for snowmelt-induced landslides (Krøgli et al., 2018) and for specific predisposing factors such as earthquakes (Shi et al., 2018) and wrong human management of the territory (Mendes et al., 2018) . Another key issue in defining reliable LEWSs is the quality and quantity of data available to properly calibrate the forecasting models. A broad range of conditions is covered, ranging from case studies characterized by scarcity (Shi et al., 2018) to the abundance of data Vaz et al., 2018) and, in some cases, also the measurement of hydrologic (Segoni et al., 2018a) or geotechnical variables (Canli et al., 2018; Salvatici et al., 2018) to strengthen the forecasting models.
Moreover, the works included in the special issue describe early warning systems at very different stages of employment. Some of them are well established and have been operated for years ; others could be more properly defined as preliminary studies aimed at addressing landslide hazard and establishing a scientific and technical basis for the buildup of a LEWS (Uzielli et al., 2018) . It should be remarked that the establishment of a LEWS is a complex task, and before operating a warning system, several preliminary steps are usually required. This is reflected by the content of this special issue, in which different steps of this process are accounted for: the establishment of landslidesrainfall correlations (Liu et al., 2018) , the definition of a runout simulation model (Melo et al., 2018) , the definition of predictive models (Greco and Pagano, 2017) , the setting up of prototypes (Intrieri et al., 2017; Canli et al., 2018) , the validation and the performance evaluation of the predictive early warning model (Peres et al., 2018; Segoni et al., 2018a) , the performance of operational LEWSs through case studies and the evaluation of risk perception (Chaturvedi et al., 2018) . A relevant subject covered by many articles included in the special issue is the definition of rainfall thresholds for landslide prediction (e.g., Pan et al., 2018; Peres et al., 2018; Vaz et al., 2018 ), a highly debated topic among the landslide community that often overlaps to LEWSs (Segoni et al., 2018b) . The most debated unresolved issues in rainfall threshold research include the following -the definition of objective and automatic procedures to define the thresholds (Staley et al., 2013; Segoni et al., 2014; Iadanza et al., 2016; Vessia et al., 2016; Rossi et al., 2017; Melillo et al., 2018) ;
-the need for taking into account the hydrological conditions of the hillslope system with more complex approaches (Posner et al., 2015; Bogaard and Greco, 2018) ;
-the evaluation and quantification of diverse uncertainties (Nikolopoulos et al., 2015; Destro et al., 2017; Marra et al., 2017; Rossi et al., 2017; Marra, 2018; Peres et al., 2018) ;
-the importance of validation procedures (Staley et al., 2013; Gariano et al., 2015; ; -the use of rainfall data gathered from ground-based radars or satellites (Robbins, 2016; Destro et al., 2017; Rossi et al., 2017; Brunetti et al., 2018) ;
-the implementation of the thresholds into hazard management procedures and early warning systems (Kirshbaum et al. 2015; Rosi et al., 2015; Piciullo et al., 2017 Piciullo et al., , 2018 Krøgli et al., 2018; Wei et al., 2018; Pecoraro et al., 2018) . Figure 1 shows the word cloud of the abstracts of the papers published in this special issue. It can be seen that rainfall and thresholds are the most assessed topic, after landslides, of course. Moreover, also "warning" and "model" are among the most used words in the abstracts of the submitted papers, outlining the essential importance of defining a warning model to operate a LEWS.
Overall, the 20 works collected in this special issue contain experiences of LEWSs spread all over the world including Europe (Italy, Portugal, Norway and Austria), the Americas (Brazil and Mexico) and Asia (China, Taiwan, and India).
Research contributions
The paper by Intrieri et al. (2017) deals with the management of logistic issues in LEWSs linked to advanced monitoring techniques, such as big data collection, transfer and storing. They consider data coming from a ground-based interferometric synthetic aperture radar (GB-InSAR) located along a highway section in southern Italy. Such systems have the main drawback of managing large data flow (high-quality displacement time series with a high acquisition frequency) derived from continuous real-time monitoring. The issue is assessed by means of in situ pre-elaboration and data management procedures to produce standardized files, carrying only necessary information. The pre-elaboration is based on data correction, filtering and reduction, and also on the elimination of the areas not relevant for the monitoring. Data management is based on the transmission of data averaged over determined time frames, proportionate with the kinematics of the monitored phenomenon. After this, data can be more easily transferred to the data collecting and processing center of the LEWS, to be compared to fixed threshold values for the issuing of warning messages. Frodella et al. (2017) , describe in detail the outcomes of a 2-year GB-InSAR monitoring campaign (December 2010-December 2012) in the upper Agno River valley. As a consequence of diffuse and severe slope instabilities that affected the whole Veneto region (northeastern Italy) between 31 October and 2 November 2010, a local-scale monitoring system, based on a GBInSAR, is implemented. The paper describes how the monitoring strategy has been implemented for mapping and monitoring slope landslide residual deformations and early warning purposes in case of landslide reactivation. Given the recorded residual deformations, four critical sectors are identified in the monitored scenario on the basis of the measured cumulated displacements, frequency of activation and geomorphological features. Greco and Pagano (2017) propose a general frame for LEWSs, applicable to all types of water-related natural hazards. The work addresses the importance of identifying the evolutionary stage of the catastrophic event at which the prediction should be applied, to maximize its effectiveness. The evolutionary stages of the phenomenon, based on its physical characteristics, are considered a relevant feature of the LEWS, as is the accuracy of the predictions, more than the spatial scale (two examples of the application for rapid shallow landslides in southern Italy are discussed). Further classification criteria proposed are the (well-known) distinction between empirical and physically based models and the (new) distinction between online and offline prediction. The implementation of an effective LEWS, based on the selection of the predictive model and prediction time, the definition of warning thresholds and the adoption of mitigation measures, might benefit from the proposed framework, at all scales and in all landscapes. Mendes et al. (2018) analyze a case study in Brazil to show that landslides cannot be attributed solely and exclusively to rainfall events. A detailed geotechnical survey is conducted for three representative slopes to obtain geotechnical parameters needed for slope stability analysis. Then, a set of numerical experiments is designed to assess the contribution of natural and anthropic factors to slope instability separately. Results show that natural factors (intense rainfall and geotechnical conditions) are not severe enough to trigger landslides in the study area and that human disturbance is entirely responsible for the studied landslide events.
The research paper proposed by Melo et al. (2018) presents a model for the simulation of debris flow runout, which might be useful for landslide risk management and early warning. Considering as a case study a basin in central Portugal, a dynamic model is calculated and validated. The model integrates surface runoff, erosion along the channels, flow propagation and deposition of material. Three scenarios are elaborated using different excess rain values and, for each scenario, the buildings at risk in the investigated area are accounted for. However, the model is not dependent on local conditions. The model adopts a physically based approach, so allowing -unlike the data-driven models -for the estimation of flow velocities, thickness of the deposits and impact force against obstacles. Such parameters are very relevant for the development of a LEWS. Reder et al. (2018) investigate the effect of evapotranspiration on physically based models for slope-scale rainfallinduced landslides. The study evaluates the performance of three approaches that can be used to convert precipitation and evaporative fluxes into hydrological variables to be used in slope stability assessment and early warning. Two of the approaches incorporate evaporation, with one representing evaporation as both a boundary and internal phenomenon, and the other only a boundary phenomenon. The third approach totally disregards evaporation. Model performances are assessed by analyzing a well-documented case study involving a sloping volcanic cover 2 m thick (Nocera Inferiore landslide, in Italy). The comparison of the results indicates that the greater the complexity and completeness of the model, the lower the number of false alarms, thus providing a valuable help to early warning systems.
Concerning uncertainty in rainfall and landslide datasets, Peres et al. (2018) perform a quantitative analysis of the impacts of uncertain landslide initiation instants on the assessment of rainfall intensity-duration thresholds. These thresholds are often used to separate warning levels in LEWSs. The analysis is based on the definition of a synthetic dataset of rainfall events triggering landslides. The authors introduce errors into the synthetic dataset by hypothesizing the way such information may be retrieved from newspapers and similar resources (blogs and fire brigade reports), which are the main primary sources available to build landslide historical inventories. The analysis shows that the impacts of the above uncertainty sources can be significant, especially when errors exceed 1 day or when the estimated triggering time is precedent to the actual one. Errors generally lead to underestimated thresholds, i.e., lower than those that would be obtained from an error-free dataset. Consequently, these thresholds employed in a landslide early warning system would lead to a high number of false alerts, reducing the reliability of the system. The paper by Shi et al. (2018) deals with debris flow occurrence thresholds, expressed in terms of rainfall intensity and duration, by using radar data in an earthquake-affected area (Sichuan, China). The case study is challenging, as the dataset is limited (six events in the period 2012-2014) and the rain gauge network is very sparse; however, a better understanding of the relationship between rainfall and debris flow initiation could be obtained by means of radars with highly spatiotemporal resolution. The results highlight the significance of using remote sensing observations for the estimation of debris-flow-triggering rainfall, within the perspective of establishing a dedicated early warning system. The paper of Capra et al. (2018) provides a valuable contribution to the analysis of the relationships between flood runoff formation and lahar occurrence during hurricanes. They analyze the correlations among multiple streams of data (rainfall intensity, cumulative rain, geophone records) and perform rainfall-runoff simulations to examine the relationship between rainfall and lahar pulses. The results are compared with the arrival time of the main lahar fronts, showing that flow pulses can be correlated with rainfall peak intensity and watershed discharge, depending on the watershed area and shape. This outcome can be considered a preliminary study, which is essential to establish a lahar early warning system based on the monitoring of hydro-meteorological events. Segoni et al. (2018a) perform an experiment on an existing and operating Te-LEWS, trying to increase its forecasting effectiveness by using soil moisture as an input variable together with (or instead of) rainfall. They test two approaches: the first one is based on a simple soil moisture threshold value under which rainfall thresholds are not used because landslides are not expected to occur. The second approach substitutes the rainfall thresholds based on antecedent precipitation (used by the original version of the early warning system) with purposely defined soil moisture thresholds. The first approach has the advantages of being very easy and straightforward to implement, but it could only be used to reduce false alarms, while the second approach requires a more thorough calibration but could reduce both false alarms and missed alarms.
The work presented in Vaz et al. (2018) proposes a comprehensive method to assess rainfall thresholds for landslide initiation using a centenary landslide database associated with a single centenary daily rainfall dataset. The landslide database is used for defining landslide events that occurred between 1865 and 2010. The method is applied to the Lisbon region and includes the rainfall return period analysis that is used to identify the critical rainfall combination (cumulated rainfall duration) related to each landslide event. Results show that landslide events located up to 10 km from the rain gauge can be used to calculate the rainfall thresholds in the study area; however, these thresholds may be used with acceptable confidence up to 50 km from the rain gauge. Liu et al. (2018) propose a state fusion entropy method to derive landslide instability through an entropy analysis of deformation states. The method is based on the relationship between displacement monitoring data, deformation states and landslide stability, and might be useful to study continuous landslide stability, also considering a historical maximum index to identify key time nodes of stability changes. Both cumulative state fusion entropy and the historical maximum index can be used to judge deformation stages of landslides and thus to determine early warning levels. The proposed method is tested considering the Xintan landslide as a detailed case study, as well as other landslides in the Three Gorges Reservoir, in China. Devoli et al. (2018) present a description and a comparison of two LEWSs currently operating, since the late 2000s, in Italy (Piedmont region) and Norway, designed to predict rainfall-and snowmelt-induced landslides. Both systems provide landslide predictions, in four warning levels disseminated through the internet, based on a comparison of statistical thresholds, daily rainfall forecasts and real-time observation, together with expert analysis. Rainfall thresholds for the different types of landslides are used in Piedmont, while a unique threshold based on water supply and soil moisture is used for all type of landslides in Norway. The analyzed case study is a large low-pressure system that struck Europe in May 2013, producing several geo-hydrological effects in both regions, successfully forecasted and communicated to the public by the two systems. This collaboration of two technical and scientific institutions is quite promising for sharing techniques and best practices (e.g., for reducing the lead time of the LEWSs). Pan et al. (2018) present a challenging case study, trying to devise rainfall thresholds for post-seismic debris flows' early warning when the scarcity of input data (both rainfall and debris flows) prevents a proper calibration of statistical rainfall thresholds. After a geomorphological and hydrological characterization of the debris flows monitored in the study area, they define a process-based rainfall threshold based on an antecedent precipitation index and on the peak 1 h rainfall. The comparison with other threshold configurations and with different threshold models shows that the proposed approach is a promising starting point for further studies on debris flow early warning systems in case studies characterized by similar constraints. Krøgli et al. (2018) describe in detail the "Landslide Forecasting and Warning Service", which operates in Norway at national scale since 2013. The main points of strengths of the system are automatic hydrological and meteorological stations, the landslide and flood historical database, hydrometeorological forecasting models, thresholds or return periods and a trained group of forecasters. The paper also provides an evaluation of the model, by means of a validation performed against data collected through 4 years of operation (rate of over 95 % correct daily assessments), by positive feedbacks received from users through a questionnaire and by a case study from autumn 2017.
The work presented by Chaturvedi et al. (2018) concerns the influence of differing strengths of experiential feedback on people's decisions relating to landslides. The authors present a tool that allows for the determination of the effect of feedback and its availability, under different conditions, in the landslide risk decision-making process, in particular regarding investments. The tool is tested in a study area in Mandi, Himachal Pradesh, India. They find that investments are greater in conditions where experiential feedback is present and damages are high. Such simulation is very useful for landslide risk communication and perception. Wei et al. (2018) propose a hazard prediction model that combines landslide susceptibility and rainfall thresholds. First, they divide slope units into three susceptibility levels using a logistic regression analysis of preparatory factors. Then, for each susceptibility level, a rainfall threshold based on 3 h mean intensity and 24 h accumulated rainfall is calculated separately. It is found that the threshold values gradually increase as the susceptibility decreases for the same alert level, thus potentially providing a spatial refinement for TeLEWSs based on empirical rainfall thresholds. Salvatici et al. (2018) apply a physically based model to forecast shallow landslides at regional scale. The model is a physically based distributed slope stability simulator for analyzing shallow-landslide-triggering conditions during a rainfall event, namely HIRESSS (HIgh REsolution Slope Stability Simulator). This model is applied to a portion of the Aosta Valley region, located in the northwest of the Italian Alpine mountain chain. The model is tested in the back analysis of two past rainfall events that triggered several shallow landslides in the study area between 2008 and 2009. In order to run the model and to increase its reliability, an in-depth study of the geotechnical and hydrological properties of hillslopes controlling shallow landslides formation is conducted. This method can be useful to identify warning areas with different probabilities of landslide occurrence. Canli et al. (2018) provide a summary of the main and most recent advances obtained in hydrology for flood forecasting and they apply the lesson learnt to a distributed physically based landslide model in a probabilistic framework, obtaining a prototype landslide ensemble prediction system. The paper also discusses additional details that are of key importance to implement a physically based model in a Te-LEWS, such as computational resources needed, parameter variability and uncertainty, calibration and validation.
The paper by Uzielli et al. (2018) provides a risk framework for infrastructures. It assesses the temporal variation in landslide hazard, specifically for a section of the Autostrada A3 Salerno-Napoli highway, which runs across the toe of the Monte Albino relief in the municipality of Nocera Inferiore, Campania, Italy. The reach probability, the probability that a given spatial location is affected by debris flows, is calculated spatially through numerical simulation of landslide runout. Landslide probability is computed spatially using Flow-R, a distributed empirical model developed in Matlab. The results displayed temporal and spatial variability of hazard in the study area.
Conclusions
The contributions of the special issue "Landslide early warning systems: monitoring systems, rainfall thresholds, warning models, performance evaluation and risk perception" provide interesting understanding and new perspectives on the very wide world of the early warning systems for landslide monitoring and predictions. The different aspects covered in this special issue demonstrate that the establishment of a LEWS is a complex task, and that before operating a warning system, several preliminary steps are usually required. The research contributions deal with both scientific and technical aspects, demonstrating the importance of the collaboration among scientists and technical system managers, as well as the importance of defining the right variables to be measured and monitored as a function of the type of landslide and scale of analysis. At the same time, the contributions provide an additional step forward for the definition of reliable LEWSs as risk mitigation measures. However, not all important aspects have been covered in this special issue. Further efforts are also needed in the performance evaluation of the warnings issued, as well as in the analysis of how the warnings are communicated and perceived by the elements at risk. The main insights that can be derived from this special issue for designing and employing reliable LEWSs can be summarized as follows:
-the relevance of joining scientific, technical and social components in the structure of a LEWS;
-the significance of the quality and quantity of input data and calibration parameters, in order to obtain reliable forecasts and to adequately assess, handle and communicate their degree of uncertainty;
-the importance of defining and carrying out validation and performance evaluation procedures of the LEWSs;
-the need for the adoption of multi-source and multiparameter warning systems, e.g., by coupling rainfall data from rain gauges and from radar, or by coupling rainfall measurements and forecasting with the monitoring of other hydrogeological and geotechnical parameters;
-the importance of the implementation of adequate communication strategies and emergency plans, and full integration between model outputs, issued warnings and countermeasures to be undertaken in response to a forecasted landslide hazard;
-the need to share experiences and data and to provide open access to local and governmental databases.
The community dealing with LEWSs is very broad and pertains to different scientific backgrounds and technical sectors; thus multi-thematic meetings and workshops are really important in this field of research. The aim of this special issue and of the EGU session goes in this direction, and this hopefully poses a step toward reliable landslide early warning systems.
